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A luminescent solar concentrator (LSC) consists of a polymeric or glass plate, in which incident shortwavelength light is converted by a luminescent material into longer-wavelength light that is guided towards small photovoltaic (PV) cells attached to the plate edges. Such a device is attractive, since it is inexpensive and thin and can be easily integrated in appliances or buildings. It is flexible in its design, with a variety of possible shapes and colors. An overview of recent progress in LSCs can be found in references [1] [2] [3] [4] [5] . The primary challenge faced by the LSC is increasing the photon-to-electron conversion efficiency. One possibility is through using a stack of plates containing different luminescent materials [4, 6] . In this paper, we investigate the performance of a combination of a luminescent concentrator with a traditional organic dye and a newer dye. LSCs are fairly simple devices that combine PV cells, mirrors and luminescent materials with a lightguide. In this work, lightguides made of polycarbonate mixed with dye were injection moulded by Sabic Innovation Plastics. Two luminescent materials were used: "red" dye Lumogen F Red 305 (BASF) (concentration 115 ppm) and "blue" (IRemitting) dye perylene perinone [7] (nonyl, concentration 75 ppm). The absorbance and emission spectra of these lightguides are shown in Fig. 1 . Their fluorescent quantum yields are approximately 100% ("red" dye) [8] and 80% ("blue" dye) [7] . Figure 2 depicts some of the LSCs. All LSCs had two edges (with optical surface quality) mounted with monocrystalline silicon (c-Si) PV cells (Narec [9] ); the 10x10x0.5 cm 3 lightguides had opposing edges utilized for cell attachment, while the 5x5x0.5 cm 3 samples had an orthogonal configuration. Prior to attachment, the PV cells were characterised using a solar simulator built inhouse, described in detail below. The laser-cut cells measured 5x52x0.1 mm 3 with useable illumination surface of 5x50 mm 2 and a multilayer antireflection coating optimized for a perpendicular incident Air Mass 1.5 solar spectrum were first glued (with Bison Glass UVcurable acrylate ester) to a supporting 1 mm thick PMMA substrate for mechanical rigidity. The cells were then attached to the lightguide with a 24h RT vulcanizing, optically clear silicone (ACC silicones Europe Qsil216A/B). The gluing process could not be accelerated because this induced too much material stress resulting in detachment of the PV cells from the lightguide. In the inorganic LSC demo, a UV-curing glue (Norland Optical adhesive 72) was used because the platinum-siloxane complex in the silicone is not compatible with the phosphor. 3M Vikuiti Enhanced Specular Reflector (ESR) mirror foil for white light (> 98% reflectance) was attached to the lightguide edges by an optically clear adhesive layer (3M Optically Clear 50 μm thick adhesive foil). For the LSC back reflector, we used a diffuse reflecting TiO2 pigmented layer or Furukawa Electric MicroCellular polyethylene terephthalate (MCPET) sheet (99% total reflectance with 96% diffused reflectance) separated by an air gap.
The custom solar simulator setup provides uniform irradiance of up to 1920 W/m 2 (standard deviation <3.5%) on a surface of 50x70 mm 2 and 520 W/m 2 (standard deviation <3.6%) over a surface of 110x150 mm 2 . The solar simulator is based on a 410W 82V halogen projector lamp (Osram 54912-FXL, color temperature of 3300K) without daylight filtering or flashing. Uniformity of irradiance is obtained with a Köhler integrator optical system. The lamp light is collected with a planoconvex spherical lens (60 mm ø EFL 140mm), sent through two subsequent multi-lens arrays (8x10 lenses of 6x5 mm), and imaged with either a condenser lens of 500 mm (Edmund Optics NT27-505) or 800 mm (Edmund Optics NT27-515) effective focal length. The halogen lamp spectrum for the solar simulator must be considered a "worst-case" scenario for determining the efficiency of our LSC demos because the lack of the UV region normally present in a real solar spectrum and mismatch of the PV anti-reflection coating to the halogen spectrum. As presented further in the text, real outdoor measurements of the LSCs indeed show higher overall efficiencies, compared to those obtained with the solar simulator.
Diode characteristics of the PV cells are obtained by connecting them with gold Kelvin clips to a Labview controlled Keithley 2400 Digital SourceMeter. Each c-Si PV cell was assessed. The PV cells showed wall-plug efficiencies (defined in the next paragraph) up to 17.3%, with an average of 16.8% ±0.5% (taken over 19 samples). After wire soldering, efficiencies dropped to 16.3% ±0.5%, with an average of 15.6% (taken over 15 samples). The fill factor (FF) was initially 0.70 ±0.01 (24 samples) and after wire soldering 0.67 ±0.02 (21 samples). The FF of the bare c-Si PV cells (2 samples) rose to 0.76 ±0.01 when illuminated with a real-life direct sun spectrum. Also PV efficiencies rose (to an average of 18.0% ±0.6% st.dev. on 7 samples) in those circumstances.
Before presenting experimental results, we first introduce the definition of some concept terms. "Wall plug efficiency" (η) means how much electrical power is effectively obtained from the solar cells attached to the LSC, related to the incident optical power on the total LSC surface, implying the effective conversion efficiency of the solar cells and the overall optical system efficiency of the LSC are incorporated in this number. "Bare-cell conversion efficiency" (η0) means how much electrical power is obtained from the directly-illuminated PV cell before attachment to the lightguide with respect to the incident optical power (integrated over the whole spectrum and surface). "Optical collection probability" (P) means the ratio of photons that reach the surfaces of the PV cells to the photons incident on the total LSC surface; in other words: P = η / η0 . Geometric "gain" (G) means the ratio of the total lightguide surface area and the total PV cell surface area present in the LSC. "Concentration" (C) means the ratio between incoming and outgoing optical irradiance of the solar concentrator, determined by the relation C = PG. Table 1 lists the experimental data obtained for the aforementioned defined parameters η, η0, P, G and C, for single and dual lightguide LSCs of 5x5 cm 2 . The highest values were obtained with a MCPET backreflector separated from the lightguide by an air gap. The value η = 2.9% for a single LSC is equal to the best value for a similar system using c-Si reported before [10] . The red dye performs best as a single lightguide, because of its higher QE compared to the blue dye. However a stacked dual lightguide LSC has the best overall performance in terms of wall plug efficiency since a larger part of the incoming (UV) light can be absorbed and converted to IR wavelengths absorbed by the PV cells. Note that we put the plate with the highest QE (red) on top, since the efficiency would drop in the reverse configuration. We also obtained experimental data on LSCs tested in outdoor conditions under a cloudless sky in a sunny direct illumination of approximately 700 W/m 2 (solar elevation about 25°). The measurements (see Table 2 ) show that, compared to Table 1 , the UV portion of the incident light plays a significant role in the efficiency of the LSCs. Therefore, the numbers presented in Table 1 are an estimation of the minimal LSC behaviour in real-life field conditions. Next, we investigated the geometrical scaling behaviour of the LSCs. The 10x10x0.5 cm 3 luminescent lightguides were attached to c-Si PV cells mounted on opposed edge faces. The experimental data is shown in Table 3 . When we compare the results with Table 1 , we conclude that higher gains and higher concentration factors can be obtained, but at the expense of lower wall plug efficiency. Due to the longer light path in the lightguide, there is more chance for the light to be re-absorbed or re-emitted in the escape cone of the lightguide. Hence the optical collection probability P is also lower than the values obtained for the 5x5 cm 2 LSCs. This is in agreement with the theoretical prediction of optical collection probability and concentration as a function of the geometrical gain in Ref. [2] .
We also investigated the performance at diffuse illumination conditions. To this aim, the device was placed in the simulator setup below a large diffusive hemisphere that scatters the incident light in all directions, providing a Lambertian distribution of light with an irradiance of 38 W/m 2 . It was found that the efficiency of the bare cell drops from η0 =16.9% to 9.6% at this low illumination level. The 10x10x0.5 cm 3 LSC has η =1.6%; hence P = 17.0% and C = 1.70. The latter value is significantly higher than the value C = 1.20 for direct illumination and shows the feasibility for using LSCs at diffuse illumination conditions.
In addition to the presented work, we produced a 5 x 5 x 0.5 cm 3 single lightguide LSC demo using a layer of inorganic phosphor [2] (SrB4O7:5%Sm 2+ ,5%Eu 2+ , 25 μm layer thickness, measured QE > 0.9) on the bottom of an optically clear polycarbonate lightguide (see Fig. 2d ). Two PV cells were orthogonally mounted on the sample with mirrors on the remaining edges. We measured an overall system efficiency (η) of 2.5% using a MCPET reflector behind the inorganic phosphor layer. For a gain G of 5, the optical collection efficiency of the lightguide is 16.5%, resulting in an optical concentration of 0.82. Although the inorganic phosphor can counter the problem of selfreabsorbtion of the luminescent light by providing a larger Stokes shift (to > 680nm), in practice phosphor particles scatter the luminescent light partly back into the escape cone of the lightguide. Future work on materials and process improvement are necessary to bring the optical concentration factor well above 1.
In conclusion, several LSCs based on organic dyes were made and the efficiencies were measured. To our knowledge, this paper reports the highest obtained wall plug efficiency of 4.2% in an experimental luminescent solar concentrator using c-Si photovoltaics (if compared to values reported previously [10] ).
